Abstract. Extracts of the flower petals of Impatiens balsamina L. contain enzymes which catalyze the glycosylation of phenolic compounds. Enzymes have been extracted which glycosylate hydroquinone to arbutiiw and at least 3 different flavonols to the 3-monoglucoside.
The hydroquinone glucosylating enzyme is similar to enzymes previously described except that it requires an unidentified low molecular weight oofactor. The glucosylation of flavonols follows normal enzyme kinetics; it requires a nucleotide diphosphate glucose donor for activity, and is made more evident by the presenoe of gluoono-1:5S4actone, an inhibitor of endogenous glucosidases. It is suggested that the flavonol glucosylating enzyme acts naturally to glucosylate a precursor of both flavonols and anthocyanins to th-e 3-monoglucoside. The only elaboration of an anthocyanin observed with petal extracts was an acylation of pelargonidin-3-monogluooside.
Hagen (7) has examined the flavonoid compounds in the flower parts of the red-flowered genotype (1 1HHPrPr) by paper chromatography and has found the largest variety of anthocyanidins and flavonols in the stem: a more limited variety in the sepals; and only 1 anthocyanidin, pelargonidin, and 1 flavonol, kaempferol, in the petals. The pigments of the petal, however, are the most highly substituted, with diglucosides, acylated diglucosides and glucose biosides present. The mature sepals and the stems do not show this type of flavonoid elaboration; only monoglucosides are present. This represents a progressive reduction of the number of types of flavonoids but an increase in the substitution in the progression from vegetative to reproductive tissue. Therefore, the differential distribution of these highly substituted pigments in the flower parts provides a tool with which factors controllin,g flower differentiation may be studied. Since a function can be assigned to these pigments in the petal (7), they should be under some of the same developmental controls as petal morpogenesis but could be more readily analyzed than structural features.
Hagen (8) has also shown that during the development of the red petal a progressive elaboration of the anthocyanins takes place. He has divided the time of development into stages according to 1 This paper has been dedicated to Professor Ralph E.
Cleland on the occasion of his seventy-fifth birthday in recognition of the stimulation and academic guidance w-hich he has provided for both authors. 2 The work was supported in part by National Science Foundation Grants G21943, GB1978 and GB5065 (CWH) and bv a Public Health Service Predoctoral Fellow-ship GM032, 599-01 (CDM). 3 Present address: Section of Genetics, Development and Physiology, Division of Biological Sciences, Cornell University, Ithaca, New York 14850. their pigment complement. In the first stage no anthocyanins are present, only flavonols. During the second stage pelargonidin-3-monoglucoside appears as the only anthocyanin. This is followed by a stage wheni many different pelargonidin pigments are seen, and at anthesis many of the compounds disappear leaving one major pigment, p-coumarylpelargonidin-3,5-diglucoside.
The observed sequence of pigment development may suggest a corresponding biochemical pathway. However, the route or routes followed and which pigments are directly in the pathway have not been ascertained.
Mansell and Hagen (13) attempted to resolve this pathway by vacuum infiltrating potential substrates into detached petals, incubating them in an agar culture and analyzing the petals for conversion of the pignment. They found that when pelargonidin-3-monoglucoside was introduced into genetically white petals it was converted to acylated pelargonidin-3,5-diglucoside. Thus, pelargonidin-3-monoglucoside appears to play a central role in the biochemical sequence. This also indicates that all of the enzymes for the hiosynthesis of the final pigment are active at this stage.
The present investigation is an attempt to further define the biochemical pathway. It should be possible to extract active enzymes from the flower petal of balsam which catalyze glycosylations or other modifications of phenolic compounds, and to assess the involvement of these enzymes in the differentiation of flavonoid pigments which is observed dulring petal development.
Materials and Methods
Plant Materials. Isogenic stocks of Inzpatiens balsamina L. were developed by Hagen (7) from mlaterials of Davis, Taylor, and Ash (5). The red-flowered (1 HHPrTP), pink-flowered (1llhhP'P') and white-flowered (111-hhpp) genotypes were used.
Extraction, and Chromntatoqg7aply. of Pigments.
Flhvonoid and other phenolic compounds were extracted from petals and separated on chromatogratphy paper by methods previously described (7) .
Preparation of Substrates. Hvdroquinone (1,4- were sprayed with diazotized p-nitroaniline reagent (18) . The papers were dried and examined in ammonia vapor with visible light. Arbutin, hydroquinone-/3-D-glucoside, appears violet under these conditions and is found at an RF value of 0.33. When 14C-hydroquinone (3 X 105 cpm/l,mole) was used the radioactivity was measured by cutting the chromatogram into 10 or 20 equal pieces from the origin to the front, placing each into a scintillation vial, adding scintillation fluid (Liquiflor in toluene) and counting in a scintillation counter.
En2lymle Assay WVith Flavonols. The reaction mixture was the same as used for hydroquinone glucosylation except that 5 anoles '*C-kaempferol with specific activity from 57 to 505 cpm/,umole was used. The reaction was run at pH 5.5. After the reaction was stopped the supernatant and 2 methanol washings of the pellet were streaked on Whatman 3 MM paper and the papers were developed in an ascending direction with 10 % (v/v) glacial acetic acid. After the chromatograms were fully developed and dried, the kaempferol and the kaempferol-3-monoglucoside bands were cut out and the amount of radioactivity in each determined as indicated previously. The percent 'AC converted to glucoside was taken as a measure of the enzyme activity.
En. syzye Assay With Anthocyanins. The reaction mixture was the same as for hydroquinone except that 1AC-ant-hocyanins (undetermined specific activity) were used as substrate and a mixture of UDP-glucose, ADP-glucose, TDP-glucose, and 0.5 ,umole p-coumaric acid was added. Concentrated Fraction A protein was used in thiis assay. After the reactions were run the supernatants were spotted on Whatman 3 MM paper and developed in dimensions as outlined by Hagen (7) . The papers were exposed to X-ray film for 3 weeks to determine the distribution of radioactivity.
Results
Glucose Transferase Activity. Hydroquinone glucosylating activity of the petal protein preparation was assayed with '+C labeled sulbstrate. Figure 1 shows the chromatographic distribution of radioactivity after an enzyme reaction using concentrated Fraction A protein extracted from stage 3 petals (7) of red flowers. There is clearly a loss of hydroquinone and a production of anot,her radioactive compound at RF 0.45 which has the characteristic violet color of arbutin when sprayed with p-nitroaniline reagent and viewed in ammonia vapors. The large amount of radioactivity near the origin mnay be the bioside of hydroquinone or other enzymatic products. The control with heat denatured enzyme h"as only one area of radioactivity, hydroquinone.
A second enzyme activity in this extract glucosylates the flavonol, '-C-kaempferol to the 3-monoglucoside (table I) . Only trace amounts of radioactivity were found in the 3-monoglu,coside when a The /3-glucosidase inhibitor, glucono-1:5-lactone (4) causes an apparent 2-fold increase in flavonol glucosylation by concentrated Fraction A through inihibition of the omnipresent hydrolytic enzyme (table I) . No great effect was noted (table II) on hydroquinone glycosylation when the inhibitor was added to the reaction mixture. However, the inhibitor was included in all reactions.
The pH optimum for both glucosylations was determined using tris-maleate buffer over a range from 4.9 to 7.4. Tihe greatest amount of hydroquinone glucosylations appeared to be as pH 6.3. This experiment was done using unlabeled substrate and the amount of diazotized arbutin was estimated by the size and intensity of the spot on the assay chromatogram. The pH optimum for the flavonol glucosylation was determined to be 5.5 ( fig 3) . This differs by full pH unit from that for hydroquinone and also the optimum reported for wheat germ hydroquinone glucosylation (pH 6d5) (19) . When the enzyme preparation was further purified by desalting on a Sephadex G-50 column (Fraction B) aill hydroquinone glucosylating activity was lost (fig 2) but flavonol glucosylation was uneffected (table IV) . If a sample prepared from heat denatured Fraction A (1000 for 10 mnin and cleared by centrifugation) was added to the desalted enzyme, hydroquinone glucosylating activity could be regained (fig 2) . The second radioactive peak in figure 2 The effect of increasing substrate concentration on the flavonol glucosylating activity was determined and the expected hyperbolic curve resulted (fig 4) .
The dependence of flavonol glycosylating activity on enzyme concentrations is shown in figure 5 . The total volume of the reaction mixture was 0.75 ml and the concentration of protein varied from 0.01 to 0.6 ml. Each reaction mixture was brought to equal volume with water without increasing the amounts of the remaining components. In-crease in enzyme concentration resulted in a corresponding increase in enzyme activity.
The time course of the glucosylation indicated a rapid rate for the first 10 minutes (fig 6) . The amount of product that could be recovered from then on decreased.
These glucosylations were denmonstrated in white, pink, and red petals; sepals; or whole seedlings.
Other Enz2Vnic Modificationis of Flavonoids. The third enzyme activity extracted from red balsam petals acylates anthocvanins. Anth,ocyanins labeled wiith 14,C in the flavonoid ring were prepared as described under 'Materials and Methods. Enzyme reactions wvere run for 30 minutes at 240 using pelargonidin, pelargonidin-3-miionoglucoside. acylated pelargonidin-3-monoglucoside and pelargonidin-3,5-diglucoside as subsitrates. The identity of these anthocyanins from balsam petals has been confirmed by Geiss (6) . A mixtuire of UDP-glucose, ADPglucose, and TDP-glucose was used to donate the sugar and ealch reaction mixture contained 0.5 Mmole p-coumaric acid. The reactioni was stopped and the reaction mixture was chromatographed as described above. A sample of unlabeled pigment extract from red petals ( 11HHPrPr) was spotted with each reaction mixture to act as a carrier and reference for any newly formed pigmiielnt. Control reactions for each pigment were run with heat denatured enzyme.
\Vhein the finished chromnatograms and radiographs were examined there was a new radioactive anthocyanin in only one of the reactions. In this case the conversion was not a glucosylation but an acylation of an anthocyanin. Pelargonidin-3-monoglucoside had been converted to its acvlated derivative in vitro by an enzyme present in the petal tissue.
Discussion
Active soluble enzymes which alter the structure of phenolic compounds can be extracted from balsam petals by a modification of the procedure of Loomis and Battaile (10) . One of these enzymes catalvzes the tranisfer of glucose from UDI'-glucose or ADPglucose to hydroquinone at an optimum pH of 6. and with the requirement for a low molecular weight cofactor. Yamaha and Cardini (19) showed that an enzyme of this type extracted from wheat germ will transfer glucose from UDP-glnucose or ADP-glucose to hydroquinone at an opt,imum of pH 6.5. We have also demonstrated that the cofactor requirement of the bailsam enzyme is required by the enzy mes extracted from wheat germ. The hydroquinone glucosylating enzyme of the petal is probably the same as the enzyme demons1trated in extracts from wheat germ (19) and from broad bean cotyledonis (16) . It probably also is the enzyme that Pridham has shown in vivo to occur almost universally (14) .
It is interesting to note that an enzyme with 2 of the characteristics of the one just described has been demonstrated in cell-free extracts of Melilotus alba (9) . The glucosylation of trans-o-hydroxycinnamic acid depends on the presence of a dialyzable cofactor and a sulfhydryl compound.
The second enzyme extracted from petals promoted tihe glucosylation of kaempferol, quercetin and myricetin with UDP-glucose or TDP-glucose serving as the sugar donor. This ,is in agreement with Barber's findings (3) i.e., glucose is transferred from UDP-glucose or TDP-glucose to a flavonol, quercetin bv extracts of mung bean leaves. The pH optimum of the in vitro flavonol glucosylation by balsam extracts is much lower (5.5) than the hydroquinone glucosylation (6.5) or the pH that Barber used (7.5). Unlike the hydroquinone glucosylation, the flavonol glucosylation does not require a separable cofactor. This observation is in agreement with Barber's work (3). His enzyme preparation procedure would have removed a cofactor similar to the one required for arbutin synthesis, yet the preparation was active.
The difference between these 2 glucosylation with respect to glucose donor, pH optimum, and cofactor requirement indica(tes clearly that 2 distinct glucosylating enzymes are present in Impatiens.
A transglucosylation reaction catalyzed by a f3-glucosidase (2) third possibility is that the enzyme does not normally function in flavonol glucosylation but catalyzes the glucosylation of another compound. It may be only fortuitous that the flavonol aglycone was susceptible to the action of the enzyme.
During the development of anthocyanins in the petals of Impatiens Hagen (8) observed that the 3-monoglucoside appeared first in the young petals and this was closely followed by the appearance of the aglycone. Pridham has noted (15) that in general flavon-oids do not exist as aglycones in the plant cel,l but as glycosides. For these reasons it seems likely that the precursor to the first formed flavonol and anthocyanin is a glycoside and not a free ag-lycone. We would like to suggest that the third possibiliity listed above is true and that the enzyme which glucosylates the flavonol aglycone at the 3 position normally glucosylates the precursor compound which first possess a 3-hydroxyl. This scheme is outlined in figure 8 . There would be one enzyme which catalyzes the monoglucosylation of the precursor of both flavonols and anthocyanins. The distribution of the enzyme throughout the plant is consistant with this hypothesis since flavonols and anthocyanins are found as miionoglucosides throughout the plant.
The observation of an acylation of pelargonidin-3-monoglucoside was quite useful in the interpretation of possible pathways to the fin-al pigment of the red petal. Pelargonidin-3-monoglucoside has been reported (13) to be the pivotal point from wh,ich 2 possible pathwvays could proceed to the final pigment, p-coumaryl-3,5-diglucoside of pelargonidin, as indicated in figure 8 . In the first alternative (broken lines) the 3-monoglucoside is glucosvlated at the 5 position and then acylated on the 3 sugar. In the second route the monoglucoside is first acylated on the 3 sugar followed by glucosylation at the 5 position of the ring. In the second pathway the diglucoside comes from breakdown of the acylated diglucoside. Both pathways would require 2 steps and 2 enzymes with the only difference being whether the monoglucoside or the diglucoside serves as substrate for an acylation enzyme. The demonstration of the enzyme which catalyzes only the acylation of pelargonidin-3-monoglucoside and not the diglucoside favors the second pathway (fig 8) . Also the intermediate nature of the acylated-3-monoglucoside (appearing in the bud stage then disappearing before the petal matures) and the non-enzymic breakdown of the acylated 3,5-diglucoside to the diglucoside (6, 8) 
